Charm Phy

U ST R AL L e o
Lt por e .- %

w"'—DeDe, Do—K it

wodd 8




Why Study Charm? — Overview

m Tests of Theoretical Models necessary to
interpret critical CKM data, usually
obtained from B decays



Improve B measurements,
etc..
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Some examples:



ltem: B, mixing
_ Artists view of current constraints
m To relate constraints ON 114 pands, not precise
CKM matrix in terms of
say p & n heed to use
theoretical estimates of
f 2B /f “B
m CLEO-C's job: Measure

fo_/[fo- to check
theoretical lattice

calculations, best Idea 1s that (n,p) can be

ungquenched lattice. determined in several ways,
differences will indicate new
physics
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Leptonic Decays: D — /v

Introduction: Pseudoscalar decay
constants: © and = can annihilate,
probabillity is o« to wave function overlap

Example :

/

In general for all pseudoscalarS'

2
1 /
TP —0v)=—G>/ M| 1 _m Vel
ST M?

P
Calculate, or measure if V' 1s known



Experimental methods

DD production at threshold: used
by Mark Ill, and more recently by
CLEO-c and BES-II.

=Unique event properties
»Only DD not DDx produced
=[_arge cross sections:

= Ease of B measurements
using "double tags®

" B, =#of Al of D's

»B-factories (e*e") + fixed target & collider
experiments at hadron machines

»D displaced vertex
D" — 77DO tag



D*—>Kn*rn* at the y (CLEO-C)

Single tags Double
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57 pb! of data at y(3770), CLEO now has 281 pb-!



Absolute B Methodology

m |dea: ratio of double to single tags determines B

=
..N“/Ni = (Bi/2)(g”/ei), with /e~ 1
m Modes
s Do K'nt*, K'e* e, Kttt
= D*: K'n*n*, Kgn*, K'nPn*n°, Koo, Konn©, KKK re*
m Determine the single tag yields in each mode

m Determine the double tag yields in all combined
modes



Yields Determi_ned Precisely

Monte Carlo

( 0.001 GeV)
Q,

2

=
0?

3

183 184 185 186 1.87 1.88 1.89 1832 184 185 186 187 188 189
mbc (GeV) mbc (GeV)

m Include Initial State Radiation in fitting function

m Double tag yields are easier, due to extremely
small backgrounds




Absolute B Results

B(D*—>K ™)

Three best measurements

B (%)
9.3+0.6+0.8 10.8
9.1+1.3+0.4 14.9

CLEO |

Mark [l

Mark Il

Mark |

BES Il

GLLEO—c

Error(%) Source

CLEO I
MK 1

CLEO-c

(not in average)

B

B(D°—K 1)

Three best measurements

(%)

3.82+0.07+0.12
3.90+0.09+0.12

0.010

CLEO Il average
ALEPH 97
ARGUS (D™)
ARGUS (B)
ALEPH 91

HRS

Mark [l

Mark |l

Mark |

BES Il
CLEO—¢

0.020 0.030

Error(%)

0.040

3.6
3.8

0.050

Source

CLEOII
ALEPH

0.060]
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Leptqnics &__Semileptonics at CLEO-c

m Ease of leptonic & semileptonic decays using
double tags & MM? technique

m Search for peak near MM?2=0

m Since resolution ~ Mfco, reject extra particles with
calorimeter & tracking

m Note that this method can be used to evaluate
systematic errors on ¢, simply by using double
tags with one missing track

e
m Sometimes peOple use Umiss = Emiss 'leissl
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Technique for D™ > u'v

m Constraint D™ decay products to have exact
D mass; equivalent to full kinematic fit

s Compute MM? If close to zero then almost
certainly we have a u*v decay
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Slngle Tag Sample

- S=24850
B=12825

S=18176
B= 8976

- $=20244
- B= 5223

. . 1 . L 1 . :
1.850 1.860 1.870 1.880 1.840 1.850 T1.860 1.870 1.880
M Lo (GeVv) Mo (GeV)

m From 281 pb-1, 158,354 tags




400

I\/II\/I2 Resolutlon

« MC gives 6=0.0235+0.0004
GeV?
m Check with data use

Do—>Kgm?

& ignore
KS

Number of Events/0.01 GEVE

ra
Lo

[
T T T T T

0.20 U3U 0.40 050 o D.1DL 020 0.30 040 050
MM?2 (GeV?2) MM?Z (GeV?)
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A “Typipal”__“Event

m Nothing left in
event besides
D¢ tag and p*

= Note the 50
MeV curler
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Measurement of fy-

MC Expectations from
1.7 b1, 6X this sample

Data have 50 signal
events in 281 pb
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Bac_kgrounds_

m D*—>n*n°, MM?2 peaks at 0.018 GeV?2 within 0.025
GeV? resolution (1 c), B measured by CLEO

m Defeated by

v veto of 250 MeV, very effective for a ~0.9 GeV nr°

Minimum ionization in EM cal < 300 MeV of deposited
energy Kills 40% of pions & is 98% efficient

17
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D*— 1t*v, 7"— w*v Background

m Calorimeter requirement
eliminates 40% of the
pions

m Since B (D*—>1t*v)=
2.65B(D*—>put*v)
easy to evaluate

m Some hope of measuring
this process with more e e

data, which would provide a test of Lepton
Universality
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Oth_er Backgrounds

m [ail of the K°x*
= Evaluated using MC, yields 0.44+0.22 events

= Evaluated using Double tags, one tag
consistent having two tracks, one a K & the
other a = by RICH id. Then we ignore the K.
This gives 0.33+£0.19+0.02 events

m Other D°, D*, Continuum & radiative return
(yy') events show no background using
large MC samples
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Der_i_ving A Va_lqe for fy+

N Backgrounds
[ Moce | ek |  #Events |
O 0.13+0.02 1.40+0.18+0.22
KO+ 2.77+0.18 0.33+0.19+0.02
TV (T2 71HV) 2.65*B(D*>utv) 1.08 £0.15+0.02
Other D*, D° 0 <0.4,<0.4 @ 90% cl
+ Continuum 0 <1.2 @ 90% c.l.

m [ags are 158,354 events
m B(D" — u'v) =(4.40+0.66+0-99)x10-

-0.12
o

s 3D" > e’v) <2.4x10° @ 90% c.l.

Efficiencies: u*
detection (69.4%);
extra shower (96.1%);
correction for

casier tag
reconstruction in

n'v events (1.5%)

N
PAV)




Systematic Errors

Source of Error

Finding the u* track

Minimum ionization of u* in EM cal
Particle identification of pu*

MM? width

Extra showers in event > 250 MeV
Number of single tag D*

Monte Carlo statistics

Background

Total




Evaluation of S__ystematic Errors

m Systematic errors are small because data is
used to evaluate most of the cut efficiencies

m Example: Extra showers in event > 250
MeV. Use Double tag event sample, then
measure the product ¢ of two tags

= Use K'n*nt* as one tag, due to large clean
sample

= Use p and E conservation to do a full kinematic
fit to both D™ & D* decays in each event

= Let the D mass float in the fit, M
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Kinematic Fits to Deflne Double Tags

B Prlor to Y2 cut \K‘ere s a small bkgrd
m Most

bkgrd

gone

post

cut
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Efficiency of 250 MeV Extra y Cut

Mode 1 Mode 2 # of events  F(E. om0 mev) €l '.:.!-EI] of Mode 1
Kta™n K- aTx 21i) 52 a5 2405
) K- xtgt i 25 A09.441.2
K- xtgt 242 2 a4 8420

K—xtgt i 2 97.9+1.4
K—xtgt 52 2 96.7+1.3
K—xtgt : 17 9294328
Weighted Average 96,3204

m Error of 0.4% is statistical

m Systematic error arises from difference in this
situation and a single tag, estimated by MC as 0.5%
(i.e. difference between Knn-Knn & Kna—uv)

m Overall, systematic errors are small now, can
be lowered, and will not present a limit to
iImproved measurement
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Comparison to Theory

m BES
measurement
based on
2.67+1.74
events

m Current Lattice

NEEE Il
(unquenched
light flavors) is
consistent

m But systematic
errors on theory
& statistical
errors on data
are still large
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Lab momentum spectrum —
no FSR correction

Inclusive Semileptonic Branching Fractions

= Tagged sample: only “golden
modes” DK n* & D*—>K 't it

= |dentify e, w, K right-sign and
wrong-sign samples, use

unfolding matrix—true e
population.

= Correction for p,- cut

B( — Xev)=(6.45+£0.17+0.15)%
> B( = Xev),=(6.140.2+0.2)%

I[( —Xe'v)
[( —Xe'v)

=1.01£0.03+0.03
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Excluswe Semlleptonlc Decays

Best way to determme

magnitudes of CKM %
elements, 1n principle, is to

use semileptonic decays.
Decay rate oV ;o

This 1s how V  (A) and V
(A) have been determined

‘\

. . 2
Kinematics for hadron P: ¢° = (p;; —plé‘) =m;, +m, —2E,m,

Matrix element 1n terms of form-factors (for
D—Pseudoscalar £* v

For ¢ = e, contribution of f (q?)—0



Events / ( 10 MeV )

Cabibbo Favored Semileptonic Decays

) > K el

(~1300 events) (~420 events)

0 0.1 .
U= Emiss_ |Pmiss| (GeV) U= Emiss_ |Pmiss| (GCV)

B = (3.44+£0.10+0.10)% B=(5.70£0.28+£0.25)%

These are the dominant

modes, so backgrounds
are very small
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Cabibbo Suppressed Semileptonic Decays

0 — _F
D" —>rnev

g (110 events)
o DD —> Kev
"
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Summary of Semileptonic Branching Ratio Results

Decay Mode B (%) (CLEO-¢/(57/pb)) B (%) (PDG-04) Ratio to PDG

DY — ety 0.26 + 0.03 + 0.01 0.36 + 0.06
D — K- ety 3.44 +0.10 4+ 0.10 3.584+0.18
DY — K*~ (K ety 2.16 £0.24 4 0.11 2.1540.35
DY - K*(K3r )etv 2.25 +0.21 4 0.11 2.15 4+ 0.35
DY — petv 0.19 +0.04 = 0.02 —
DT = 7ty 0.44 + 0.06 4 0.03 0.31+0.15
Dt — Klety 8.71 +0.38 +0.37 6.7+ 0.9
Dt — K (K—nH)etv 5.70 +0.28 4 0.25 5.5+ 0.7
DT = P(rta)ety 0.21 +0.04 + 0.02 0.25+0.10

. DT s wrtr ety 0.17 +0.06 + 0.01 —

D°os ety B PDG 2004
it 'L'l CLEO-c(57/pb)

D°— K e'*v l!l B BES

D°— K (K™n%)e*v -

D% K™ (K e’ mum
D°> p e —HGW
D' n’e’v ——l

D*> K°%e*v 1’:‘—l

D*> KK n*)e*v -

1.
2.
3.
4.
d.
6.
7.
8.
9.
1

m Using unquenched lattice Pogey
(hep-ph/0408306) find D' e’ ——C
m V = 0.956+0.036+0.093+0.017

= V., (LEP) = 0.976+0.014
m V_,=0.213+0.008+0.020+0.008 VIAN) | 022450012

Currently this checks

Lattice calculations
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Com_bi_nin_g ngi_le_ptonics & Leptonics

m Semileptonic decay rate:

2 3
dU' (D — Pev) |V,| P
dq’ 247

= Note that the ratio below depends only on
QCD:

1 a’F(D+ —)7Z'€V) 2
L(D"— tv) dq’
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Lattice comparison: fp and semileptonic ff

m We can use a quantity independent of V_, to
do a CKM independent lattice check:

YNTWDT > xlv)  f7(0)
R’ =0.22+0.02

R =0.25+0.02

m | obtain:

m Theory and data consistent at ~30% C.L.
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T (g V(o)

Lattice comparison — the shape of f.(g?)

m Modern parameterization of the form factors proposed by
Becirevic & Kaidalov (BK):
/.(0)

max’ 'I'i"f.‘l;

Ym

FOXJUS DATA

==l Lattice QCD/ Fermilab
MILC( 16/20 stat.err. only)
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- Form Factor shapes

Lattice (Fermilab-MILC
hep-ph/0408306)

0.504+0.04(stat)

FOCUS 0.28 +0.08 +0.07
CLEO il 0.36 +0.10 ',
Belle 0.40 +0.12 0.19

Lattice (Fermilab-MILC
hep-ph/0408306)

0.44 +0.04(stat)

T
01 02 03 04 05 06
o

CLEOc results soon

CLEO Il 0.37 53 +0.15
Belle 0.03 +0.27+0.13
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Q2 Distributions for 281 pb-

| B T T
+ L D">Ke'v | D"~n"e"v
' "'_+_ « Data (4 « Data
i s Projection | - Projection
— a - -Background ¢ ----Background
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T
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Comparison of Techniques

m Superior method allows for clean signals
with small amounts of data

CLEO-c 281 pb! (Preliminary) CLEO-III 7 fb! (PRL 94:011802, 2005)
Al SO P0G =S

e o Bl

_d___.__.-""- IJ.Ir ] _ :-':'L A\J

f » JI'.-I_-} |
) | ;Fu_ "-.+

N

>
v
=
=
0
5
-
L

Candidates / 4 MeV

M(r"D°)-M(D°)
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Expected Prec_ision on o

D —Kev
L] | | I L L] L] L
FOCUS (Param) el
FOCUS (Non—Faram) |

CLEC II

Belle (ke

——dl
H—8aG—::
b

Belle (k)
LacD =
CLEQ—c (280,/pb) =
LDl'ECiEIDI'- dapends str'&ngl-.r an central & -Cllu-E":l

CLEC—c¢ (750/pb) HH

|.|:l|'-E'Ci5lCll'- dapends strondly on central & alug)

CLED N

Belle (mer)

Belle ()

LOCE

H &

M

CLEO—c (280/pb) ]

(pracision depends atrongly on central velue)

CLEO—c (750,/pb) -

[precision depends strongly on central vaolue)




Incluswe Charm - n n', ¢
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D°—¢ X Signal

(o] | | | ol [
0,900 - 1.040 1.OBS 1,090 gogeo
50 B0 —

0.4 <p/<0.6
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[S=22Ts]




D°—¢ X Sidebands

! | i L
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Incluswe Charm Results

Mode Our Measurement (%) PDG (%)
BD’>nx) = 94+04=£0.5 < 13%
BD’>n'X) = 2.6+0.2+0.2 -
BMD’ > ¢ X) = 0.99 £0.08 £ 0.05 1.7+ 0.8
BD">nX) = 5.7+£05+0.3 <13
BD">n'X) = 1.0£02=£0.1 —-
BD*> ¢X) = 1.11+0.14+£0.14 < 1.8

A useful tool for finding Bg decays, expect
large rates to ¢ & n’ from Dg decays ~15%

Note B(B—$X)=3.5%, contribution from
B(B—De° + D* X+ A:) ~ 100%, is ~1% &
B(B—»Dg X) = 15% (?), giving 1.0% + 2.3% =
3.3%
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43

mSome reasons why we want to
study the D¢

mVery Preliminary Results from
an Energy Scan



Theoretical Predictions for fp

[ MOdeIS predICt Model Tt (MeV) .fj._-,__ll /e
Lattice (ny=2+1) [13] 201 £ 3 £ 17 1.24 £ 0.01 £ 0.07
fo-/for~1.1-1.3 QL (Taiwan) [14] 235+ 8+ 14 1.13 +0.03 + 0.05
S ’ QL (UKQCD) [15] 210 + 1075 1.13 £ 0.02751)
- QL [16] 211 + 1475, 1.10 £0.02
with unquenched [ e I Y
QCD Sum Rules [15] 195 £ 20

' VI Quark Model [19 243425  1.10
Iattlce gIVIng Potential Iﬁ;In:ld[-:zel %EIZI] 238 1.01
" Isospin Splittings [2: 262 + 29
large ratio of 1.24, EEEEEEEEEE==
or 250 MeV

m Important to check for breakdown of lepton

universality due to -

New Physics where: n
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Study of Inclusive Semileptonic Decays

x Is the semileptonic width; I',=B,, I'\,;=B,/p,
the same for D°, D* & D.?
= Problem of Weak Annihilation in V , meas.

(Bigi & Uraltsey, Valoshin, Liget, VWise and
Lelbavich)

Gluons break
helicity suppression

, AL izati B, - B
o[ 1672 % Qf.;”x fgctorlzatlon NU,{]3< lfhj )( 2 1)
my, violation 0.2 Gel 0.1

~3% (1? guess!) contribution to rate at gZ=m?

- an issue for all inclusive determinations
- relative size of effect gets worse the more severe the cut
- no reliable estimate of size




Inclusive Semileptonic Decays ||

m Voloshin predicts that this effect, if it exists,
will cause a difference between the
semileptonic widths of the D° & D, mesons

fD 2 -1 -1
B.-B S” ~.lps
O.ZZGer( B .

m \We have already measured
I'.,(D°)=0.157+£0.006 ps', so we will

measure or limit B,-B,

m One of the best places to look as the

annihilation in Dg is Cabibbo favored
m (Voloshin hep-ph/0106040)

lﬁsl (DO )_Fsl (D:) ~ 1. 1(
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The Absolute Branching Ratio

m Current Status
= CLEO & BaBar measurements of B(Dg*—>¢n*)

with poor accuracy of (3.6£0.9)% & (4.8+£0.6)%,

respectively

m This number is an important engineering
number for understanding many B decays
especially for B, very important at hadron
colliders
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The Charm Reg|

v ! TR
D*D*
o(e'e” — hadrons) DD* DsDs D5Ds DgDg
R:— | | | T | T | T )
+ - + -
ole e : Mark | .
( als ) Mark 1+LGW 1
‘ Mark I -
W} 1
\|]40,/_:_? :\‘]4;16(1 ‘ : 4415 | _—
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The Charm Region

What 1S
best

energy to
Study Dg7

.----.

ﬁ{e+e'—> hadrons) (nb

35
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Decay Modes & Search Strategy

e DY decays mode e [, decays modes
o KTt o ¢t ¢ — K+K-
o K—ntqg0 o KK+ K* o Kot
o K—ntntn~ o) 'r_nr'":;q — ¥y
e D1 decays mode o npt,n = vy, pt = atn?
o K~ntnt o nmt,n - wtay

! !
-~ 0
o K—ntntn0 onpt,y =»ate—n,pt = ntn
= 0
o Ksﬂ-{u o ¢p+,¢—)‘K+K ,p+ ‘—‘>'J‘T+?T

- _r_I_ - , _|_ e
- Q Q
K ot 70 K KT, Kg =71

Keptn— ot

K+K-n+

m Take ~5 pb™ per E_, point, analyze online
for fast feedback; can stop early if no Dg
signals. p(Dg) shows if DgDg, Ds*Dg, etc
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Some Dg Modes at 4160 + 4180 MeV

Total of 15.8 pb!, D¢ energy = no D¢*Dy¢”
G(D >"DS) nearly equal at both energies

& ] it g e iy ol
210 2320 1.80 a0 00 A 20 1. . 2.00 210 2.20 180

Invariant Mass [GeV Invariant Mass [GeV]




CLEO-C Energy Scan Results




Relatlve De Ylelds
MaX|mum at 4170 MeV




Searches for Ne

Charm De




De-D° Mixing

m  Mixing could proceed via

°_D° Mixing Predlctlﬂns

De° De

o
=
(Jopmidury| /1) avey Humw

=i
I

compared with systems
involving u-type quarks in the box
diagram because these loops include
1 dominant super-heavy quark

g
€
=
=
e
L
=
=
—
2)
<
&
=
=

m New physics in loops implies x
=AM/T">> ; but long range

effects complicate predictions 20 40 60

Reference Index

From H. Nelson
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D°-__D° mixing: the data

= The study of D° wrong-sign Kr yields has been a key
step in our experimental study of D° D°® mixing.

m Caveats:

= Complicated by interference between DCSD & mixing [strong
phase 6 = data constrain only X’ & y']

= Complicated by CP violation

Experiment X'2(95 % C.L.) y'(95% C.L.) [
(X10-3) (X10-3) _
Belle (2004) 0.81 82<y'<16 ||+
BaBar (2003) 2.2 -56<y’'<39 >§
FOCUS (2001) 1.52 124<y'<-5 :
CLEO I1.V (2000) 0.82 58<y'<10 |/
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D° D° mixing: the data I

Experiment R\(95% CL) \/x2+y2
BaBar 04 | 0.0046 | 0.1
Belle 05 0.0016 | 0.056

K.~ (CLEO I.V)
comparable sensitivity

Dalitz plot analysis of D%—

S7




D° —»>K ™ Dalitz Analysis for y

m CLEOc data can be used to find phase
shifts that can be used for input in the y
angle determination from

B*—D°K*decays, when D° >K. t*n-

m Measure Dalitz plot
opposite a CP
eigenstate tag such
as K'K" or K.0.




Future

= Immediate: Take data on D,

m CLEO runs until April 2008. Most of the
running is now planned to be on y"’ &
v(4170) for Dy, with some on v’

# Errors will depend on how much data
CLEO-c gets on charm

m Beljing has started building a two-ring
machine for this physics with much more
projected luminosity
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BEPCII/BESIII Project

Two ring machine
* 93 bunches each
e Luminosity

1033 cm? s @1.89GeV
6x 102 cm? s @1.55GeV
6x 1032 cm? s @ 2.1GeV
New BES III detector

Most contracts signed
 Linac installed - 2004
* Ring installed - 2005
« BESIII in place - 2006
 Commissioning

BEPCII/BESIII

beginning of 2007 60
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